THE METABOLISM OF GLUCOSE taken up into pancreatic ␤-cells initiates the signaling pathways responsible for regulated insulin secretion. Upon entry into the beta cell, glucose metabolism leads to an increase in the ratio of ATP to ADP, which subsequently causes inactivation of the ATP-dependent potassium channels and depolarization of the beta cell plasma membrane (PM). Voltage-dependent calcium channels open upon this depolarization signal, leading to the fusion of insulin granules at or juxtaposed to the PM to evoke insulin release, resulting from glucose stimulation, occurs in two distinct phases with the predominant model attributing this biphasic pattern to multiple intracellular pools of granules. First-phase secretion results from the rapid release (within 10 min) of insulin granules predocked at the PM of the beta cell, termed the "readily releasable pool". This transient release is followed by a sustained second phase, elicited only by fuel-based secretagogues such as glucose, during which insulin is secreted for a longer duration but at a reduced rate (reviewed in Refs. 33 and 41) . Secretion during this phase is thought to originate from insulin granules recruited to the PM from an intracellular storage pool, although the signaling mechanisms required to support sustained glucose-stimulated insulin secretion (GSIS), through regulation of proper timing and recruitment of such granules, are still largely unclear.
The glucose-stimulated activation of the small Rho family GTPases Cdc42 and Rac1 is key in the regulation of sustained, second-phase GSIS (reviewed in Ref. 15 ). Depletion of Cdc42 selectively impairs second-phase GSIS from perifused islets (39) , consistent with early pharmacological findings pointing to the selective activation of Cdc42 by glucose in islet beta cells (16) . Cdc42 activation occurs rapidly and is known to trigger phosphorylation and activation of its downstream effector protein p21-activated kinase (Pak1), which, in turn, activates the other downstream GTPase Rac1 (39) . As a member of the Rho family of small GTPases, Cdc42 cycles through inactive GDP-bound and active GTP-bound states. In the beta cell, Cdc42 is kept inactive by association with two distinct guanine nucleotide dissociation inhibitor (GDI) proteins: Caveolin-1 (Cav-1), for the pool of Cdc42 present on the insulin secretory granules at or juxtaposed to the PM (25) , and RhoGDI, for the cytosolic pool of Cdc42 (40) . Depletion of either Cav-1 or RhoGDI results in inappropriate Cdc42 activation and dysfunctional insulin release. Recent efforts toward understanding Cdc42 activation point to its dependence upon upstream Arf6 activation via Arf nucleotide binding site opener (ARNO). However, because Arf6 mediates both glucose and non-glucose-stimulated insulin secretion, a role for Arf6 as direct mediator of Cdc42 activation remains unclear (11) . Specific stimulus-induced activation of small GTPases is known to require a guanine nucleotide exchange factor (GEF) to destabilize the binding of GDP on the inactive GTPase and to allow for the incorporation of GTP leading to activation (31) . However, GEFs involved in the glucose-stimulated cycling of Cdc42 to its active state, as well as those factors employed in the subsequent inactivation of Cdc42 to its GDPbound state, are as of yet unknown.
In the elucidation of the glucose-specific activation mechanism for Cdc42 in the insulin secretion process, we used a candidate-based approach. There are more than 80 known GEFs for the Rho family GTPases, with variable specificity and affinities for Cdc42 (31) . Eight GEFs were identified by RT-PCR in a directed screen to assess GEFs with known Cdc42 specificity. Of those eight, Cool1/␤Pix was detectable at the protein level in islets and beta cells. Interestingly, ␤Pix has been shown in other cell types to facilitate signaling events at numerous points relevant to a process such as GSIS. For example, in response to an extracellular stimulus, ␤Pix undergoes phosphorylation to activate Cdc42 in NIH3T3 cells (8, 9) . In addition, ␤Pix can interact with Pak1, relieve Pak1 autoinhibition, and facilitate autophosphorylation of Pak1 mediated by Cdc42 and Rac1 (3). In the exocytotic pathway of neuroendocrine PC12 cells, ␤Pix can activate the GTPase Rac1 (23) . Because of this multifunctional nature of ␤Pix, we sought to determine its necessity and mechanism of action as it pertains to Cdc42 activation and GSIS in the beta cell.
In this report, we present evidence to support a role for ␤Pix as a Cdc42 GEF in the beta cell, required for both Cdc42 activation and the release of insulin in response to glucose stimulation. Our data also imply that ␤Pix acts upon the pool of Cdc42 bound to Cav-1, as opposed to that bound to RhoGDI. Furthermore, we demonstrate the importance of the Tyr14 phosphorylation site on Cav-1 in both the association of Cav-1 with Cdc42 and the ability of Cav-1 to compete with ␤Pix for Cdc42. Given that Cav-1
Tyr14 is an established site of phosphorylation by Src kinase (18) and that Src kinase activation is implicated in insulin secretion (5) , these data support the concept of Cdc42 activation through Src-mediated phosphorylation of Cav-1 to trigger its exchange for the newly identified beta cell GEF, ␤Pix.
MATERIALS AND METHODS
Materials. Radioimmunoassay-grade BSA was purchased from Sigma. The n-octyl glucoside was obtained from Research Products International (Mt. Prospect, IL). Glutathione-Sepharose beads and enhanced chemiluminescence reagent were purchased from GE Healthcare (Piscataway, NJ). SuperSignal West Femto chemiluminescent substrate, the active Cdc42 pull-down and detection kit, containing the mouse anti-Cdc42 antibody, and goat anti-mouse horseradish peroxidase secondary antibody were acquired from Thermo Scientific (Rockford, IL). The hGH ELISA kit was purchased from Roche (Indianapolis, IN). The RNeasy mini kit was purchased from Qiagen (Germantown, MD). StrataScript RT was obtained from Agilent Technologies (Santa Clara, CA). BioMix Red was purchased from Bioline (Taunton, MA). TrueBlot reagents were obtained from eBioscience (Arnold, MD). Rabbit anti-GAPDH, anti-GST, and mouse anti-VAMP2 antibodies were purchased from Abcam (Cambridge, MA), Affinity BioReagents (Golden, CO), and Synaptic Systems (Göttingen, Germany), respectively. Rabbit anti-␤Pix and mouse anti-␤Pix antibodies were obtained from Millipore (Billerica, MA), Cell Signaling (Temecula, CA), and BD Biosciences (Mountain View, CA). Rabbit anti-Syntaxin 4 was produced in-house, as described previously (42) . Rabbit IgG, mouse anti-Myc (9E10), and rabbit anti-RhoGDI were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Goat anti-rabbit horseradish peroxidase secondary antibody and TransFectin were purchased from Bio-Rad (Hercules, CA), respectively. Lipofectamine 2000 transfection reagent and Stealth siRNA oligonucleotides were purchased from Invitrogen (Carlsbad, CA): siCon, gcgcgcuuuguaggauucgaaccuatt; si␤Pix1, gaggaccuaggagaguucauggaaatt; and si␤Pix2, gaguucagcaaacacuucauauuuatt.
Plasmids. The pcDNA3-hGH construct was a kind gift from Dr. Philippe Halban (University of Geneva Medical School, Geneva, Switzerland). Full-length pcDNA3.1-hRhoGDI␣ was kindly provided by Dr. Anjan Kowluru (Wayne State University School of Medicine, Detroit, MI). The pcDNA3-Cav-1-myc-His construct was generated by subcloning the PCR-generated product into the 5=-EcoRI and 3=-BamHI sites of the pcDNA3.1-myc-His expression vector; the Y14F mutant was generated by site-directed mutagenesis from this plasmid (Quick-Change, Stratagene). All constructs were verified by DNA sequencing.
Cell culture, transient transfection, and hGH secretion assays. MIN6 cells (a gift from Dr. John Hutton, University of Colorado Health Sciences Center, Denver, CO) were cultured in DMEM (25 mM glucose) supplemented with 15% FBS, 100 units/ml penicillin, 100 g/ml streptomycin, 292 g/ml L-glutamine, and 50 M ␤-mercaptoethanol, as described previously (12) . At 50 -60% confluence, cells were transfected with siRNA oligonucleotides using Lipofectamine 2000 for 48-h incubation. A nontargeting siRNA was provided from the manufacturer. In the hGH secretion assays, cells were additionally transfected with 0.5 g of the pcDNA3-hGH construct. Transfected cells were maintained in the supplemented DMEM for 48 h, washed twice, and incubated in freshly prepared modified Krebs-Ringer bicarbonate buffer (MKRBB) for 2 h. Cells were stimulated with 20 mM D-glucose for the times designated in the figure legends. Cells were harvested in Nonidet P-40 lysis buffer (25 mM HEPES, pH 7.4, 1% Nonidet P-40, 10% glycerol, 50 M sodium fluoride, 10 mM sodium pyrophosphate, 137 mM sodium chloride, 1 mM sodium vanadate, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, 1 g/ml pepstatin, and 5 g/ml leupeptin), and lysates were cleared by microcentrifugation for 10 min at 4°C for subsequent use in activation assays and binding assays. Human growth hormone secreted into the MKRBB was quantified by ELISA. For the ␤Pix-Cdc42 competition experiments, MIN6 cells at 50 -60% confluence were transfected with 30 g of the pcDNA3-Cav-1-myc-His (WT or Y14F) or pcDNA3.1-hRhoGDI␣ DNAs using TransFectin; 48 h posttransfection, cells were washed twice and incubated for 2 h in MKRBB. Cells were subsequently lysed in Triton X-100 lysis buffer containing n-octyl glucoside (10 mM Tris·HCl, pH 8.0, 0.25% Triton X-100, 60 mM n-octyl glucoside, 10% glycerol, 50 M sodium fluoride, 10 mM sodium pyrophosphate, 150 mM sodium chloride, 1 mM sodium vanadate, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, 1 g/ml pepstatin, and 5 g/ml leupeptin) to generate cleared detergent homogenates for the coimmunoprecipitation and pull-down assays.
Mouse islet isolation. Islets were obtained from C57BL6J mice housed in the Indiana University School of Medicine Laboratory Animal Research Center, following the approved Institutional Animal Care and Use Committee protocols and standards of procedure. Briefly, pancreata pooled from five ϳ12-wk-old male mice were batch-digested with collagenase, purified using a Ficoll density gradient, and incubated overnight in RPMI 1640 at 37°C, 5% CO2 (34) Islets (200 per gel lane) were handpicked into tubes for lysis in SDS-PAGE loading buffer, and islet proteins resolved on SDS-PAGE. Human islets obtained from two normal-body mass index nondiabetic healthy donors through the Integrated Islet Distribution Program (IIDP) were lysed similarly for SDS-PAGE following protocols approved by the Indiana University Biosafety Committee.
Directed screen for candidate GEFs in MIN6 cells. Total RNA was isolated from unstimulated MIN6 beta cells and the Titan One Tube RT-PCR kit (Roche, Indianapolis, IN) was used to generate cDNA and amplify sequences (35 cycles) following the manufacturer's instructions. Specific PCR primer sequences are shown in Table 1 .
RNA isolation and RT-PCR. Total RNA from MIN6 cells and mouse brain lysates was obtained using the RNeasy mini kit. RNA (10 g) was reverse-transcribed with StrataScript reverse transcriptase, and 1% of the product was used for RT-PCR. The primers used for detection of ␤Pix isoforms (A and B/C) were as follows: ␤PixA/B/C, forward 5=-ggttatcgaagcttattgcaca; ␤PixA reverse 5=-ggtgagagatatatgagcagca , ␤PixB/C, reverse 5=-aacgcatacaccgtatccac. GAPDH was used a positive control for the integrity of both lysate sets. The primers used for GAPDH detection were forward 5=-atggtgaaggtcggtgtgaacg and reverse 5=-gttgtcatggatgaccttggcc. RT-PCR was performed with BioMix Red for 30 cycles: 94°C for 1 min, 54°C for 2 min, and 71°C for 3 min, with a final 10-min elongation at 71°C. PCR products were visualized on 2% agarose gels.
Subcellular fractionation. Subcellular fractions were prepared as previously described (26) . All fractionation steps were performed at 4°C. Briefly, MIN6 cells at 70 -80% confluence were harvested into 1 ml of homogenization buffer (20 mM Tris·HCL, pH 7.4, 0.5 mM EDTA, 0.5 mM EGTA, 250 mM sucrose, 1 mM dithiothreitol, 100 M phenylmethylsulfonyl fluoride, 4 g/ml aprotinin, 2 g/ml pepstatin, and 10 g/ml leupeptin). Cells were homogenized by 10 strokes through a 27-gauge needle, and then centrifuged at 900 g for 10 min. Postnuclear supernatants were centrifuged for 5,500 g for 15 min. The resulting supernatant was centrifuged at 25,000 g for 20 min to obtain the secretory granule fraction in the pellet. This supernatant was centrifuged further at 100,000 g for 1 h to acquire the cytosolic fraction. The PM fraction was prepared by mixing the postnuclear pellet with 1 volume of buffer A (0.25 M sucrose, 1 mM MgCl 2, and 10 mM Tris·HCl, pH 7.4) and 2 volumes of buffer B (2 M sucrose, 1 mM MgCl 2, 10 mM Tris·HCl, pH 7.4). This mixture was overlaid with buffer A and centrifuged at 113,000 g for 1 h to obtain an interface containing the PM. The interface was collected, diluted to 1.5 ml with homogenization buffer, and centrifuged at 6,000 g for 10 min. The resulting pellet contained the PM fraction. All collected pellets were resuspended in 1% Nonidet P-40 lysis buffer.
Pancreas section immunostaining. Immunofluorescence staining of pancreatic sections proceeded, as described previously (7) . Briefly, pancreata from wild-type (C57BL/6J strain, 5 mo old) mice were fixed with 4% paraformaldehyde, paraffin-embedded, and longitudinally sectioned at 5-m thickness and 100-m intervals. The sectioned tissues were deparaffinized, rehydrated, and blocked in 5% donkey serum (Sigma, St. Louis, MO), followed by an overnight incubation at 4°C with rabbit anti-␤Pix (Millipore) and mouse anti-insulin (Santa Cruz) or guinea pig anti-glucagon (Millipore) antibodies. The sectioned tissues were then washed with PBS at room temperature, followed by a 1-h incubation at room temperature with Alexa Fluor 488, Alexa Fluor 555 (Invitrogen), or Cy5-conjugated (Jackson Immunoresearch, Bar Harbor, ME) secondary antibodies. The slides were then washed three times in PBS, overlayed with antifading mounting medium (Biomeda, Foster City, CA), and mounted with coverslips for imaging analysis using the Olympus FV1000 confocal microscope. Images were prepared for presentation using ImageJ (National Institutes of Health) with minimal processing.
Coimmunoprecipitation and immunoblotting. For ␤Pix immunoprecipitation, 2 mg of cleared MIN6 detergent lysates were combined with 2 g of rabbit anti-␤Pix antibody (Millipore) for 2 h at 4°C, followed by the addition of Trueblot beads for an additional 2 h. Human islet lysates were prepared similarly, following a 2-h preincubation followed by a 2-min glucose stimulation (16.7 mM), as previously described (42), using 400-to 500-g islet protein per reaction. After three washes with lysis buffer, the resulting immunoprecipitates were subjected to 12% SDS-PAGE, followed by transfer to PVDF membranes for immunoblotting with rabbit anti-␤Pix (Cell Signaling), mouse anti-Cdc42 (Thermo), mouse anti-Myc (Santa Cruz Biotechnology), and rabbit anti-RhoGDI (Santa Cruz Biotechnology) primary antibodies, followed by incubation with Trueblot secondary antibodies for 1 h at RT. Proteins were visualized by enhanced chemiluminescence.
Cdc42 activation assays. The EZ-Detect Cdc42 activation kit from Pierce (Rockford, IL) was used to detect the GTP-loaded forms of Cdc42, as described previously (39, 40) . Freshly prepared whole cell lysates (500 g) were combined with 20 g of GST-Pak1-PBDagarose and rotated for 1 h at 4°C. Proteins were eluted from the beads after 3 washes with the kit lysis/binding/wash buffer and subjected to 12% SDS-PAGE followed by transfer to PVDF membranes for immunoblotting with mouse anti-Cdc42 (Thermo) antibody. The relative abundance of eluted Cdc42 was determined by Western blot analysis and densitometry.
GST-Cdc42-GDP interaction assay. The GST-Cdc42 fusion protein expression and GDP loading was performed as previously described (26) . Briefly, 10 g of GST-Cdc42 linked to Sepharose beads was incubated in buffer (0.1 M Tris, pH 7.4, 1 mM EDTA, 2 mM DTT, 0.2 M NaCl ) at a final concentration of 0.1 mM GDP for 10 min at 30°C, combined with 50 mM MgCl 2. Freshly GDP-loaded GSTCdc42 Sepharose was immediately incubated with cleared detergent lysates (2 mg, Triton X-100 and n-octylglucoside buffer) prepared from transfected cells for 2 h at 4°C. Following three washes with PBS supplemented with 2.5 mM MgCl 2, proteins were eluted from the Sepharose beads and proteins resolved on 12% SDS-PAGE followed by transfer to PVDF membrane for immunoblotting with mouse anti-␤Pix (BD Biosciences), mouse anti-Myc (Santa Cruz), and rabbit anti-RhoGDI (Santa Cruz) antibodies.
Statistical analysis. All data were evaluated for statistical significance using a two-tailed Student's t-test. Data are expressed as the average Ϯ SE.
RESULTS

␤Pix isoform expression and localization in islet beta cells.
A candidate PCR screen for known Cdc42 GEFs using specific primer sets detected the presence of eight putative targets in MIN6 beta cell lysates: ␤Pix, Vav-2, Vav-3, NGEF, Frg, Fgd1, Fgd3 (Table 1) . Of these eight, only ␤Pix could be confirmed by Western blot analysis (using commercially available antibodies), which consisted of two bands corresponding to the A and C isoforms of ␤Pix (Fig. 1A) . Human and mouse islets also expressed the C isoform, and akin to the MIN6 beta cells, failed to express the isoforms B L , B, and D present in the brain lysates. Specific RT-PCR screening of cDNA libraries generated from MIN6 cells and mouse brain was used to confirm the preferential expression of isoforms ␤PixA and ␤PixC in beta cells (Fig. 1B) . Identification of ␤PixC in all of these systems pointed to the possibility that ␤Pix served as a Cdc42 GEF in islet beta cells and validated the MIN6 cell as a suitable model system for further mechanistic investigations.
Cdc42 activation and cycling events occur at distinct locations within the cell. To determine whether ␤Pix colocalized with Cdc42, as would be appropriate for a Cdc42 GEF, we evaluated subcellular fractions prepared from MIN6 beta cells, as described previously (39) . Under unstimulated conditions, Cdc42 is known to localize to plasma membrane (PM) and cytosolic compartments, as has been described in other cell types, but also has been localized to the insulin storage granules (SG), which are distributed throughout the beta cell. ␤PixA-and C-isoforms were present in the same fractions and similarly distributed (Fig. 1C) . Fraction integrity was validated by immunoblotting for known plasma membrane and secretory granule marker proteins Syntaxin 4 and VAMP2, respectively.
Thus, ␤PixA and ␤PixC isoforms localized with Cdc42 in beta cells, consistent with their expected roles as Cdc42 GEFs. Furthermore, ␤Pix staining of mouse pancreas sections in Fig.  1D showed the protein to be expressed in exocrine cells, as well as insulin-containing endocrine cells (and glucagon-containing cells, data not shown), consistent with its ubiquitous expression in many diverse cell types. ␤Pix rapidly interacts with Cdc42 in a glucose-sensitive manner. Cdc42 is maximally activated within 3 min after glucose stimulation of MIN6 beta cells (27) , prior to the onset of second-phase insulin release. Therefore, to trigger activation appropriately, association of Cdc42 with its corresponding GEF would be predicted to occur within this time frame. To determine the time course of ␤Pix-Cdc42 interaction, MIN6 cells were subjected to glucose stimulation, and the cleared detergent cell lysates used for coimmunoprecipitation of the complex at early time points. As shown in Fig. 2A , a maximal ϳ3-fold increase in coimmunoprecipitation of Cdc42 with anti-␤Pix antibody occurred within 2 min of glucose stimulation, relative to that in unstimulated cell Fig. 2 . ␤Pix associates rapidly with Cdc42 in response to glucose stimulation in human islets and MIN6 beta cells. ␤Pix was immunoprecipitated (IP) from cleared detergent lysates prepared from either MIN6 cells preincubated in MKRBB for 2 h and then acutely stimulated with 20 mM glucose for 1, 2, or 3 min (A), or human islets preincubated 2 h in KRBH buffer (B) and then acutely stimulated with 16.7 mM glucose for 2 min. Proteins were resolved by 12% SDS-PAGE and immunoblotted (IB) with anti-␤Pix and anti-Cdc42 antibodies. Input lysates validated equal Cdc42 expression under all conditions, and IgG immunoprecipitation validated the specificity of the Cdc42/␤Pix association. Data are shown as the average Ϯ SE of three independent experiments, quantified for the ratio of Cdc42/␤Pix; *P Ͻ 0.05 vs. basal for MIN6 cells. Human islet blots are representative of two independent coimmunoprecipitation experiments using two human donor batches of islets. Reassembly of noncontiguous lanes from within the same gel is demarcated by black lines. Fig. 1 . ␤Pix isoforms A and C are expressed in MIN6 beta cells and pancreatic islets and colocalize with Cdc42 in MIN6 subcellular fractions. A: ␤Pix protein was detectable by immunoblotting in MIN6 lysates, human islets, and mouse islets. Mouse brain lysates were used as a positive control for the many isoforms of ␤Pix expressed. Anti-actin immunoblot (IB) detection was evaluated for protein loading. B: RT-PCR was used to detect isoforms of ␤Pix expressed in MIN6 ␤-cells (A isoform primers used in lanes 1 and 3; B and C primer sets used together in lanes 2 and 4) . Mouse brain, which contains all three isoforms, was used as a positive control for the primer sets, and GAPDH was used as a positive control for the integrity of both lysate sets. C: clarified MIN6 cell lysates were partitioned into subcellular fractions: PM, plasma membrane; SG, storage granule pool; Cyt, remaining soluble fraction. ␤Pix content in each fraction was assessed by immunoblot (IB). Cdc42, Syntaxin 4 (Syn4) and VAMP2 were used to validate the integrity of the Cyt, PM, and SG fractions, respectively. Reassembly of noncontiguous lanes from within the same gel is demarcated by black lines. Data are representative of at least three independent experiments. D: mouse pancreas sections were costained for ␤Pix and insulin as described in MATERIALS AND METHODS; representative of three pancreatic sections.
lysates. Importantly, the association of Cdc42-bPix with 2-min glucose stimulation was reproducible using human islet lysates (Fig. 2B) . The timing of this complex formation within 3 min of glucose stimulation would be consistent with the binding of a GEF to its GTPase immediately prior to GTPase activation; replication in human islets provides substantial physiological relevance to this binding event in the process of insulin release.
␤Pix knockdown inhibits GSIS and Cdc42 activation. Upon association with their cognate GTPase, GEF proteins facilitate GTP loading, which in turn, evokes effector interaction and downstream signaling. In the islet beta cell, glucose-stimulated Cdc42 activation induces insulin release (25, 39, 40) . To determine the requirement for ␤Pix to facilitate insulin release via Cdc42 activation, we used siRNA-mediated knockdown of ␤PixA-and C-isoforms. MIN6 cells were transiently transfected with two commercially available siRNA oligonucleotides targeting different regions of ␤PixA and C isoforms (Fig. 3A) ; A and C isoforms migrated on SDS-PAGE at ϳ85 and 78 kDa, respectively. Both siRNA oligonucleotides reduced endogenous ␤PixA-and C-isoform protein expression to ϳ50 -60% of the levels of control cells transfected with nontargeting siRNA control oligonucleotides (Fig. 3B) ; the combination of both A-and Cisoform siRNA oligonucleotides showed similar knockdown efficiency (data not shown). Neither of the ␤Pix siRNA oligonucleotides exerted off-target effects upon GAPDH, which was used for normalization.
Using these ␤Pix siRNA oligonucleotides, we examined the effects of ␤PixA/C knockdown upon basal and glucose-stimulated insulin secretion from MIN6 beta cells, using a reporterbased assay to sample secretion more selectively from transfectable cells. Human growth hormone (hGH) suffices as such a reporter of insulin secretion from transfected cells, since hGH is packaged into secretory granules similarly to insulin and is secreted with insulin upon glucose stimulation (37) . MIN6 cells were cotransfected with hGH cDNA plus si␤Pix1, si␤Pix2, or the nontargeting siCon siRNA oligonucleotides, and hGH secreted in the absence and presence of glucose stimulation was assessed. Compared with siCon, cells transfected with either si␤Pix1 or si␤Pix2 exhibited a significant ϳ25-30% reduction in both basal and glucose-stimulated hGH secretion (Fig. 3C) . Changes in secretion were not attributable to alterations in expression of the Cdc42 GDI proteins, Cav-1, and RhoGDI, in response to si␤Pix1 or si␤Pix2 oligonucleotide-mediated depletion of ␤Pix (Fig. 3D) . These data further support a role of ␤Pix as an important Cdc42 GEF in glucosestimulated insulin secretion.
We next determined whether the effects of ␤Pix silencing upon insulin release were linked directly to Cdc42 activation. Cdc42 activation was measured in cells treated with siCon and one of the two siRNAs (␤Pix2), due to the vast number of cells required for a single activation measurement and the similarity of knockdown between each ␤Pix siRNA. Cdc42 activation was determined using the GSTPak1-PBD interaction assay of Cdc42 from unstimulated and glucose-stimulated cleared whole cell detergent lysates. Compared with the more than twofold glucose-stimulated (3 min) increase in Cdc42 activation in control cells, knockdown of ␤Pix resulted in full ablation of Cdc42 activation (Fig. 4) . No statistically significant differences in basal Cdc42 activation or Cdc42 protein expression under any conditions were detected. These data would be consistent with the designation of ␤Pix as a glucose-responsive GEF for Cdc42 in MIN6 beta cells. Fig. 3 . Knockdown of ␤Pix in MIN6 beta cells attenuates both basal and glucose-stimulated insulin secretion. A: schematic of ␤Pix isoform organization and targeting location of the siRNA oligonucleotides. B: two siRNA oligonucleotides sets, designated ␤Pix1 and ␤Pix2, or control (Con) siRNA were transfected into MIN6 cells and knockdown efficiency determined by anti-␤Pix immunoblotting (IB). GAPDH was used for normalization of loading. Data represent the average Ϯ SE of five independent experiments; *P Ͻ 0.05 vs. siCon. C: glucose-stimulated insulin secretion was assessed using an hGH reporter-based assay. MIN6 cells were cotransfected with hGH and either siCon or si␤Pix2; 48 h later, cells were preincubated in glucose-free MKRBB for 2 h and then left unstimulated or stimulated with 20 mM glucose for 60 min. Secretion of hGH into the MKRBB was quantified by ELISA and normalized to hGH content in the corresponding cell lysates. Insulin levels were adjusted for corresponding total cell protein content and normalized to unstimulated siCon set equal to 1.0 in each assay, and data are presented as the average Ϯ SE of three independent experiments; *P Ͻ 0.05 vs. unstimulated siCon;
# P Ͻ 0.05 vs. glucose-stimulated siCon. D: protein expression of Cav-1 and RhoGDI in cells transfected with siRNA oligonucleotides targeted for ␤Pix was validated from lysates in B.
␤Pix functions as Cdc42 GEF for exchange with Cav-1 but not with RhoGDI. The association of a GEF and a GDI with their cognate GTPase should be mutually exclusive, as the GEF-catalyzed exchange of GDP for GTP requires the prior dissociation of the GDI from the GTPase. Given that Cdc42 in beta cells associates with two different GDIs, Cav-1 and RhoGDI, in the SG/PM and cytosolic fractions, respectively (25, 40), we sought to determine which of these GDI-GTPase complexes ␤Pix preferentially opposed. To accomplish this, we transfected MIN6 cells to express HA-tagged RhoGDI or myc-tagged Cav-1 (Fig. 5A) , to disrupt endogenous ␤Pix-Cdc42 complexes relative to complexes formed in cells transfected with vector alone. A phospho-defective form of Cav-1 (Cav-1-Y14F) was also tested, on the basis of the putative importance of this site in Cav-1 interactions. While RhoGDI expression failed to disrupt Cdc42 binding to ␤Pix, Cav-1 (wild-type, WT) effectively displaced a substantial portion of ␤Pix from Cdc42 binding (Fig. 5B, lanes 1-4) . By contrast, Cav-1-Y14F expression failed to disrupt ␤Pix-Cdc42 complexes (Fig. 5B, lane 5) . These data suggest that Cav-1-Cdc42 complexes are the target of ␤Pix in MIN6 beta cells.
In a second approach, cell lysates were subjected to interaction with exogenous GST-Cdc42-GDP (GDP loading of the GST-Cdc42 fusion protein occurred immediately prior to use in the pull-down assay). The ability of Cav-1-WT or Cav-1-Y14F to compete with endogenous ␤Pix for Cdc42 binding was assessed by ␤Pix immunoblotting. In the absence of a competitor GDI, ␤PixA-, and C-isoforms associated with the GST-Cdc42-GDP protein (Fig. 5C ). Cav-1-WT was able to displace a considerable amount of ␤Pix from GDP-loaded GST-Cdc42. Cav-1-WT was able to interact with the GDPloaded GST-Cdc42, consistent with its known function as a Cdc42 GDI. Compared with Cav-1-WT, the Cav-1 Y14F mutant competed less well with ␤Pix for association with Cdc42 and bound poorly to the GST-Cdc42-GDP protein, implicating this site for normal GDI-GTPase complex formation. This second approach also ruled out the possibility that Cav-1 had merely sequestered Cdc42 to a location in the cell where ␤Pix could not access it.
DISCUSSION
Cdc42 activation is crucial for the process of sustained insulin release from the pancreatic islet beta cell. While two distinct GDIs for Cdc42, namely Cav-1 and RhoGDI, have been identified in islet beta cells, with each GDI associating with distinct pools of Cdc42 that have unique usage in the process of insulin release, the GEF proteins participating in displacement of Cdc42 from these GDIs have remained elusive. In this report, we have identified ␤Pix as the first known Cdc42 GEF protein in human islets and MIN6 beta cells and have linked it to displacement with one particular GDI, Cav-1. ␤Pix sufficed in meeting the criteria expected of a Cdc42 GEF in islet beta cells: 1) the binding of ␤Pix to Cdc42 rapidly increased within 2 min of glucose treatment, just prior to the previously established peak time of Cdc42 activation in beta Fig. 4 . Knockdown of ␤Pix in MIN6 beta cells abolishes glucose-stimulated Cdc42 activation. Cells transfected with Control (Con) or ␤Pix (␤Pix2) siRNA oligonucleotides were preincubated in glucose-free MKRBB for 2 h and then left unstimulated or acutely stimulated (3 min) with 20 mM glucose. Cdc42-GTP captured on GST-Pak1-PBD beads was resolved by 12% SDS-PAGE and detected by anti-Cdc42 immunoblotting (IB). Reassembly of noncontiguous lanes from within the same gel is demarcated by black lines. Activation levels were adjusted for GST loading and normalized to unstimulated siCon set equal to 1.0 in each assay, and data are presented as the average Ϯ SE of three independent experiments; *P Ͻ 0.05 vs. unstimulated siCon. cells; 2) RNAi-mediated reduction of ␤Pix protein resulted in ablation of Cdc42 activation; 3) reduction of ␤Pix protein attenuated both basal and glucose-stimulated insulin secretion; and 4) ␤Pix competed with Cav-1 for binding to Cdc42-GDP. Furthermore, our studies indicate that in the islet beta cell, ␤Pix acts upon the Cav-1-Cdc42, rather than the RhoGDI-Cdc42, GDI-GTPase complex, which localizes ␤Pix function to that pool of Cdc42 present on insulin secretory granules, which are at or juxtaposed to the PM (26) . Taken together, these criteria place ␤Pix as the first direct upstream activator of Cdc42 in the process of insulin release.
The apparent selectivity of ␤Pix for the membrane-localized Cdc42-Cav-1 complex is intriguing, especially so when considering the specificity of usage of granule pools during the distinct phases of insulin secretion. Using two distinct assays to evaluate preference of ␤Pix for the Cdc42-Cav-1 or Cdc42-RhoGDI complexes for competitive exchange, we showed that Cav-1 has the ability to effectively compete with ␤Pix for Cdc42 binding, whereas RhoGDI did not. Although it has been previously demonstrated that ␤Pix is a GEF for Cdc42, this is the first report of ␤Pix action exclusively upon a membranebound pool of Cdc42. In this particular pool, Cdc42 utilizes Cav-1 as the GDI (25); such Cdc42-Cav-1 GTPase-GDI complexes have since been reported in multiple systems (6, 10, 24) . One possible explanation for this preference of ␤Pix for the membrane-localized pool of Cdc42 in the beta cell could be accounted for through caveolar scaffolding to couple ␤Pix to Cav-1, or perhaps subcellular relocalization of ␤Pix upon glucose stimulation. In support of the first possibility, ␤Pix association with Cav-1 has been noted in regulating endothelin signaling through G␣ (4) . In consideration of the second possibility, GEF proteins are indeed commonly localized to cytosol under resting conditions, and then can undergo activation and translocate to the PM to catalyze exchange on the GTPase (2, 19, 22) . As Cav-1 is not found in the cytosol, either ␤Pix must translocate to the PM to interact with this pool of Cdc42 or only the ␤Pix localized at the PM participates in the Cdc42 GDP-GTP exchange. Investigations exploring these two theories in beta cells are currently under way in our laboratory. Evidence of both, however, is reported in the literature. In epithelial cells and fibroblasts, ␤Pix localized at the PM via interactions with GIT and paxillin participates in the activation of both Cdc42 and Rac1 following cell adhesion-induced integrin engagement, ultimately resulting in actin polymerization and cell migration (36) . On the other hand, K ϩ stimulates recruitment of ␤Pix from the cytosol to the PM in response to the tumor suppressor Scribble in neuroendocrine cells (1, 23) . The mechanisms underlying ␤Pix recruitment are not clearly understood and require further analysis. One possibility is that stimulus-induced phosphorylation triggers translocation of ␤Pix to the PM. Feng et al. (8, 9) demonstrated that ␤Pix is phosphorylated on Tyr442 in response to growth factors and/or Src-kinase signaling, and loss of Src activity resulted in a significant reduction in ␤Pix phosphorylation.
Notably, Src kinase activity was also implicated by our data showing the inability of the Cav-1-Y14F mutant protein to compete with ␤Pix for Cdc42 association, despite equivalent expression, since Cav-1
Tyr14 is a known substrate for Src kinase (18) . Indeed, Src kinase activity has previously been implicated in beta cell insulin release, and these data further suggest its action may be relayed through Cav-1 in the mechanism of Cdc42 cycling in the beta cell. In other cell types, the stimulus-induced tyrosine phosphorylation of Cav-1
Tyr14 by Src kinase alters Cav-1 interaction with and action upon other molecules (13, 18, 28) . Importantly, we found that the Cav-1-Y14F mutant bound poorly to Cdc42, suggestive of the importance of this site. Thus, future studies will test the model that Src kinase mediates tyrosine phosphorylation of ␤Pix and/or Cav-1 in response to an upstream signal generated by glucose stimulation, which would induce the switch from Cdc42-Cav-1 to Cdc42-␤Pix binding to trigger Cdc42 activation. Given the pivotal importance of Cav-1 to the switch with ␤Pix to evoke Cdc42 activation, it is highly relevant to note that the human Cav-1 gene is located in an obesity-related chromosomal region (29) and that aberrations in protein/mRNA expression of Cav-1 might serve as an early biomarker of beta cell dysfunction in obese and at-risk prediabetic individuals.
Recent progress has been made toward identification of upstream signals generated by glucose stimulation. Kowluru and colleagues (11) clearly demonstrated a requirement for early (1 min) activation of Arf6 (a GTPase of the Arf family of small G proteins) through ARNO (the GEF for Arf6) in islet beta cells to trigger the glucose-induced activation of Cdc42 and Rac1. Upon activation, Arf6 triggers phospholipase-D, which generates fusogenic lipid mediators, such as phosphatidic acid and phosphatidylinositol-4,5-bisphosphate. These lipid mediators promote the activation and translocation of Rac1 from the cytosol to the PM (21). Whether or not the fusogenic lipid mediators are involved in activation of ␤Pix and/or Cdc42 is an attractive question for future investigations.
While, at first glance, it might seem odd that full loss of Cdc42 activation with ␤Pix knockdown coincided with only a partial loss of GSIS, we speculate that this might be due to the limited role of its cognate GTPase Cdc42 only in second-phase secretion. This would also be the case were ␤Pix found to participate in Rac1 activation or in scaffolding for Pak1, since both of these events are downstream of Cdc42 in GSIS (17, 39) . However, to definitively place ␤Pix in the pathway of second-phase secretion, islet perifusion studies of ␤Pix-depleted islets are required. At present, this is limited by insufficient knockdown efficiency and the absence of a knockout mouse model of ␤Pix. It is also important to note that while knockdown of ␤Pix prevented an increase in glucose-stimulated Cdc42 activation, activated Cdc42 was still present. Given these data and that the islet beta cell utilizes at least two distinct GDIs to regulate Cdc42, it would be characteristic for more than one GEF protein to participate in Cdc42 regulation as well. In light of this, we are examining each additional GEF candidate identified as being expressed in MIN6 cells from our initial screen, as well as GEFs implicated in exocytotic mechanisms elsewhere. That ␤Pix knockdown should exert a small yet significant reduction in basal secretion is fitting for its role as a Cdc42 activator, as this is the opposite functional effect of knockdown of the Cdc42 GDI, Cav-1 (25) . Unlike the effects of Cav-1 knockdown, ␤Pix knockdown and depression of basal secretion were not accompanied by a similar change in Cdc42 activation. This is likely a technical limitation of the assay itself, given the already minimalistic basal Cdc42 activation levels, quantitated at only ϳ7% of the total Cdc42 population in MIN6 cells (27) . However, since ␤Pix reportedly functions in scaffolding and as a Rac1 GEF in other cell types (23, 32, 35) , it remains a possibility that ␤Pix may play an additional role beyond its Cdc42 GEF function in islet beta cells.
In conclusion, we report the identification of ␤Pix as a sought-after GEF that mediates exchange of Cdc42 from its membrane associated Cav-1 GDI in the process of insulin secretion from pancreatic ␤-cells. Once activated, Cdc42 induces Pak1 phosphorylation and subsequent Rac1 activation in ␤-cells (11, 39) . In addition to established importance of small GTPases in multiple rodent models of islet dysfunction (14), we have found that Cdc42 activation and Pak1 phosphorylation, in particular, are crucially important for sustaining insulin release from human islets (Z. Wang and D. C. Thurmond, unpublished data). Remarkably, this signaling cascade is utilized in incretin secretion (20) , and incretins are well known for their ability to enhance sustained insulin release (38) . More broadly, given the emerging prevalence of Cdc42-Cav-1 complexes across multiple systems (6, 10, 24) , coupled with roles for Src kinase in mediating the regulation of multiple proteins within this triad, the apparent preference of ␤Pix for this complex over other Cdc42-GDI complexes may represent a level of specificity for GEF usage not previously appreciated/recognized.
